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Oxidation-resistant  alloys  find  use  as  interconnect  materials,  heat  exchangers,  and  gas  supply  tubing  in 
solid  oxide  fuel  cell  (SOFC)  systems,  especially  when  operated  at  temperatures  below  -800  °C.  If  fueled 
with  synthesis  gas  derived  from  coal  or  biomass,  such  metallic  components  could  be  exposed  to  impu¬ 
rities  contained  in  those  fuel  sources.  In  this  study,  coupons  of  ferritic  stainless  steels  Crofer  22  APU  and 
SS  441,  austenitic  nickel-chromium  superalloy  Inconel  600,  and  an  alumina-forming  high  nickel  alloy 
alumel  were  exposed  to  synthesis  gas  containing  <2  ppm  phosphorus,  arsenic  and  antimony,  and  reac¬ 
tion  products  were  tested.  Crofer  22  APU  coupons  coated  with  a  (Mn,Co)304  protective  layer  were  also 
evaluated.  Phosphorus  was  found  to  be  the  most  reactive.  On  Crofer  22  APU,  the  (Mn,Cr)304  passivation 
layer  reacted  to  form  an  Mn-P-0  product,  predicted  to  be  manganese  phosphate  from  thermochemical 
calculations,  and  Cr203.  On  SS  441,  reaction  of  phosphorus  with  (Mn,Cr)304  led  to  the  formation  of  man¬ 
ganese  phosphate  as  well  as  an  Fe-P  product,  predicted  from  thermochemical  calculations  to  be  Fe3P. 
Minimal  interactions  with  antimony  or  arsenic  in  synthesis  gas  were  limited  to  Fe-Sb  and  Fe-As  solid 
solution  formation.  Though  not  intended  for  use  on  the  anode  side,  a  (Mn,Co)304  spinel  coating  on  Crofer 
22  APU  reacted  with  phosphorus  in  synthesis  gas  to  produce  products  consistent  with  Mn3(P04)2  and 
Co2P.  A  thin  Cr203  passivation  layer  on  Inconel  600  did  not  prevent  the  formation  of  nickel  phosphides 
and  arsenides  and  of  iron  phosphides  and  arsenides,  though  no  reaction  with  Cr203  was  apparent.  On 
alumel,  an  A1203  passivation  layer  rich  in  Ni  did  not  prevent  the  formation  of  nickel  phosphides,  arsenides, 
and  antimonides,  though  no  reaction  with  A1203  occurred.  This  work  shows  that  unprotected  metallic 
components  of  an  SOFC  stack  and  system  can  provide  a  sink  for  P,  As  and  Sb  impurities  that  may  be 
present  in  fuel  gases,  and  thus  complicate  experimental  studies  of  impurity  interactions  with  the  anode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  flexibility,  including  the  ability  to  operate  on  synthesis  gas 
derived  from  coal  and  biomass,  is  among  the  significant  advantages 
of  solid  oxide  fuel  cells  (SOFCs)  for  the  production  of  electricity 
[  1  ].  With  the  lowering  of  operating  temperatures  to  650-800  °C  for 
planar  stacks,  it  has  been  possible  to  utilize  cost-effective  metal¬ 
lic  materials  in  the  place  of  ceramics  for  such  components  as  the 
interconnect  plate  [2].  The  electrical  interconnect  should  exhibit 
excellent  oxidation  and  corrosion  resistance  during  simultaneous 
exposure  to  air  and  fuel,  and  retain  high  electrical  conductivity 
as  oxide  scales  are  formed,  among  other  attributes  [2].  Transition 
metal-based,  oxidation-resistant  alloys  are  being  most  extensively 
considered,  all  of  which  contain  active  constituents  (Cr,  Al,  and/or 
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Si)  that  are  preferentially  oxidized  at  the  alloy  surface  to  form  a  pro¬ 
tective  scale  [3].  Additional  protective  coatings  such  as  (Mn,Co)304 
spinel  are  often  applied  to  the  air  side  of  the  interconnect  plate  to 
minimize  scale  growth,  though  no  coatings  are  generally  deemed 
necessary  on  the  fuel  side  of  the  interconnect  plate. 

If  operated  on  coal-derived  synthesis  gas,  the  fuel  cell  stack  may 
be  exposed  to  multiple  minor  and  trace  impurities  such  as  Cl,  As,  Cd, 
Hg,  P,  S,  Sb,  and  Se,  depending  on  the  coal  gas  cleanup  technology 
employed  [4].  Many  impurities,  e.g.,  S,  Se,  P,  Cl,  are  also  found  in 
biomass-derived  syngas.  Though  anode  poisoning  is  of  principal 
concern  [4],  impurities  in  fuel  gases  may  also  interact  with  metallic 
tubing  through  which  fuel  is  supplied,  heat  exchangers,  and  the 
interconnect  plate.  The  electrical  conductivity  of  the  passivation 
layer  and  ability  of  that  layer  to  protect  against  further  oxidation  are 
among  properties  that  could  be  affected  by  impurity  interactions. 
Such  potential  interactions  have  not  been  addressed  previously. 

In  this  study,  we  report  interactions  of  As,  P,  and  Sb  in  synthesis 
gas  with  four  different  alloys:  Crofer  22  APU,  a  ferritic  stainless  steel 
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known  to  form  a  unique  (Mn,Cr)304  spinel  top  layer  and  a  chromia 
sub-layer;  SS  441,  a  ferritic  stainless  steel  known  to  form  chro¬ 
mia  passivation  layers;  Inconel  600,  an  austenitic  nickel-chromium 
superalloy  that  also  forms  chromia  passivation  layers;  and  alumel, 
a  high  nickel  alloy  that  forms  alumina  passivation  layers.  Reaction 
products  were  identified  by  electron  microscopy  and  X-ray  diffrac¬ 
tion  (XRD),  and  compared  to  those  expected  from  thermochemical 
calculations. 

2.  Experimental 

2.  \.  Syngas  with  As,  P,  and  Sb  impurities 

Synthesis  gas  was  created  by  equilibrating  H2  and  C02 
over  a  commercial  nickel-based  catalyst  to  yield  nominally 
H2-C0-C02-H20  =  30-23-21 -26%  at  700 °C.  Phosphine  (2  ppm) 
and  arsine  (lppm)  were  added  from  cylinders  using  calibrated 
mass-flow  controllers  and  non-metal  tubing.  Antimony  (lppm) 
was  added  as  antimony  vapor  from  a  metal  source  via  sublimation. 

2.2.  Test  configurations 

Crofer  22  APU  and  SS  441  ferritic  steels  coupons  (discs  25  mm  in 
diameter  or  15  mm  x  25  mm  rectangles,  1  mm  thick)  were  sealed 
to  alumina  test  fixtures  with  a  barium  aluminosilicate  glass  at 
850  °C  in  forming  gas,  and  exposed  to  syngas  containing  impurities. 
Nickel-based  alloys  were  tested  as  parts  of  the  actual  SOFC  “short” 
(1  cell)  stack,  which  employed  an  Inconel  600  heat  exchanger  with 
Inconel  600  gas  supply  tubes  that  were  50  cm  long,  and  0.6  cm  in 
diameter.  Alumel  was  evaluated  in  the  form  of  a  wire.  Before  the 
tests,  all  samples  were  pre-treated  in  air  for  8-24  h  at  800  °C  to  cre¬ 
ate  stable  passivation  layers.  Test  temperatures  were  700-850  °C, 
while  times  of  impurity  exposure  ranged  upwards  to  650  h.  All 
samples  were  cooled  in  dry  hydrogen  with  no  impurities  present. 

2.3.  Post  test  analyses 

Scanning  electron  microscopy  with  energy  dispersive  spectrom¬ 
etry  (SEM/EDS)  was  employed  to  characterize  reaction  products. 
X-ray  mapping  was  used  to  show  elemental  distributions  and  new 
phase  formation.  XRD  was  also  used  to  identify  crystal  structures 
of  alteration  products. 

2.4.  Thermochemical  calculations 

Phase  stability  calculations  were  performed  using  HSC  Chem¬ 
istry  6.12  and  databases  contained  within  [5].  A  baseline  syngas 
composition  defined  above  was  used  for  all  calculations,  to  which 
up  to  10  ppm  AsH3,  PEI3  or  SbH3  was  added.  Initial  solid  phases 
included  in  the  calculations  were  chosen  based  on  experimental 
observations  of  products  formed  due  to  syngas  exposure,  and 
included  A1203,  Ni,  NiO,  Fe,  FeO,  Cr203,  MnO,  MnCr204,  FeCr204, 
CoMn204,  and  Si02.  Parameters  for  MnCr204  are  not  included  in 
the  commercial  database  and  were  derived  from  Holcomb  and 
Alman  [6]. 

3.  Results  and  discussion 


Fig.  1.  SEM  micrographs  of  Crofer  22  APU  surface  after  exposure  to  (a)  clean  syn¬ 
thesis  gas,  and  synthesis  gas  with  (b)  1  ppm  PH3  or  (c)  1  ppm  Sb  at  700  °C  for  570  h. 
1  is  Mn-P-0  crystals  with  trace  amounts  of  Fe;  2  is  Fe-Sb  solid  solution. 


3A.  Crofer  22  APU  interactions  with  P,  As  and  Sb 

Exposures  of  Crofer  22  APU  to  synthesis  gas  in  the  absence  of 
impurities  P,  As,  or  Sb  at  elevated  temperatures  resulted  in  no  sig¬ 
nificant  difference  in  the  oxide  scale  formation  compared  to  those 
grown  in  air.  The  as-received  Crofer  22  APU  plates,  fabricated  by 
rolling  metal  sheets  down  to  1  mm  thickness,  had  a  smooth  surface 
with  rms  roughness  below  1  p,m.  After  exposure  to  clean  synthesis 


gas  at  700-850  °C  for  >500  h,  the  rms  surface  roughness  increased 
to  5-10 pan,  as  shown  in  Fig.  la.  SEM/EDS  analyses  revealed  the 
formation  of  an  alteration  layer  consisting  of  two  parts:  a  chromia 
sub-layer  and  top  Mn-Cr-O.  The  chromia  sub-layer  also  contained 
trace  amounts  of  Fe,  Al,  Ti,  Si,  and  La.  The  Mn-Cr-0  layer,  likely  the 
(Mn,Cr)304_s  spinel,  contained  small  amounts  of  iron,  less  than 
0.5  at%  (which  is  similar  to  the  SEM/EDS  sensitivity  limit),  either 
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as  iron  oxide  or  FeCr204.  While  the  chromia  sub-layer  appeared 
continuous  and  dense,  the  top  spinel  layer  was  non-uniform  and 
formed  irregular,  small  and  isolated  islands,  and  in  some  areas  was 
not  present  at  all,  as  shown  in  Fig.  la.  Longer  exposures  to  syn¬ 
thesis  gas  did  not  affect  the  surface  morphology.  Such  bi-layered 
scale  structure  is  typical  of  Crofer  22  APU  during  exposures  to  air  at 
elevated  temperatures,  and  a  dense  Cr203  sub-layer  with  an  outer 
layer  of  spinel  crystals  enriched  in  iron  has  been  identified  pre¬ 
viously  [7,8].  Therefore,  exposures  of  Crofer  22  APU  to  synthesis 
gas  at  elevated  temperatures  resulted  in  no  principal  difference  in 
the  oxide  scale  formation  compared  to  those  grown  in  air.  More¬ 
over,  since  the  Fe-Cr  base  alloys  have  generally  exhibited  higher 
oxidation  rates  in  the  presence  of  water  vapor  compared  to  dry 
gas  [3,9],  the  formation  of  the  protective  scale  layer  in  synthesis 
gas  with  high  water  vapor  was  expected.  Similar  conclusions  have 
been  reached  by  Li  et  al.  [10]  and  the  scale  layer  formed  on  Cro¬ 
fer  22  APU  both  in  coal  synthesis  gas  and  air  was  attributed  to  the 
(Cr,Fe)203,  Mn-Cr-0  and  Fe304  compounds.  No  difference  in  the 
electronic  conductivity  of  samples  exposed  to  synthetic  coal  gas 
or  to  air  at  800  °C  for  500  h  was  observed.  Yang  et  al.  [1 1  ]  noticed 
more  Fe  in  the  scales  grown  on  Crofer  22  APU  in  wet  hydrogen  as 
compared  to  air  and  suggested  the  (Mn,Cr,Fe)304  formation  in  the 
top  layer  in  reducing  environments  (moist  hydrogen). 

When  Crofer  22  APU  was  exposed  at  700  °C  to  synthesis  gas 
containing  1  ppm  AsFI3,  no  obvious  changes  in  the  passivation 
layer  was  observed  and  the  surface  remained  similar  to  that  after 
exposure  to  clean  synthesis  gas.  After  exposures  to  1  ppm  PFI3  or 
1  ppm  Sb  at  700  °C,  the  scale  composition  and  surface  morphol¬ 
ogy  changed  considerably.  The  surface  appeared  much  rougher  and 
more  crystallized  (Fig.  1  b  and  c).  According  to  X-ray  elemental  map¬ 
ping,  all  interactions  with  impurities  were  limited  to  the  upper  part 
of  the  scale  layer  where  the  (Mn,Cr)304  spinel  was  present  and  no 
bulk  transformations  were  observed.  A  substantial  amount  of  phos¬ 
phorus  (up  to  20at%)  and  smaller  but  detectable  quantities  of  As 
(<3  at%)  and  Sb  (<5  at%)  were  revealed  by  EDS.  The  impurities  were 
not  distributed  uniformly  along  the  surface.  As  seen  in  Fig.  2a,  after 
exposure  to  phosphorus,  the  spinel  layer  was  divided  into  a  mixture 
of  Cr-Mn-P-0  and  Cr-0  phases,  both  with  small  amounts  of  Fe.  The 
latter,  Cr203  (or  Cr203-Fe0-FeCr204  mixture  since  FeCr204  is  also 
stable  over  a  broad  temperature  range),  contained  no  detectable 
amounts  of  phosphorus.  Thus,  the  Cr203  layer  is  not  reactive  with 
phosphorus  and  evidently  protects  the  bulk  alloy  from  the  deep 
interactions  with  phosphorus.  The  XRD  analysis  also  suggested  the 
presence  of  Cr203,  CrMn1504  or  MnCr204,  Mn2P207,  Fe304,  and 
MnO.  No  chromium  phosphates  or  chromium  phosphides  were 
identified  by  XRD,  nor  were  iron  phosphates  or  iron  phosphides 
found.  As  and  Sb  were  found  by  SEM/EDS  in  the  localized  regions  in 
the  outer  spinel  layer,  Fig.  2b  and  c,  indicating  considerably  weaker 
oxide  layer  interactions  with  As  and  Sb  as  compared  to  phosphorus. 
More  As  was  detected  in  the  areas  with  lower  Cr  content,  indicating 
that  As  is  likely  reacted  with  the  Cr-Mn-Fe-0  phase  (MnCr204  or 
FeCr2  04 )  rather  than  with  Cr2  03  sub-layer.  Because  of  a  very  low  As 
content  determined  experimentally  and  because  of  the  high  solu¬ 
bility  of  As  in  Fe  (6-9  at%),  the  formation  of  the  Fe-As  solid  solution 
over  the  test  period,  rather  than  iron  arsenide  FeAs,  is  suggested 
[12].  When  phosphorus  and  arsenic  were  present  in  the  synthesis 
gas  simultaneously,  only  phosphorus-containing  compounds  were 
clearly  identified,  and  no  arsenic  compounds  were  determined, 
even  after  exposures  to  higher  temperatures. 

Rates  of  surface  modification  by  phosphorus  were  accelerated 
at  higher  temperatures,  Fig.  3,  and  the  scale  composition  changed. 
While  reaction  products  in  samples  tested  at  700  and  800  °C  could 
be  attributed  to  a  mixture  of  Cr203  and  Mn-P-0  (which  is  likely 
manganese  phosphate  Mn3(P04)2  or  pyrophosphate  Mn2P207), 
a  clearly  different  Cr-Mn-P-Fe-0  phase  was  distinguished  in  a 
sample  tested  at  850 °C.  This  phase  contained  noticeably  higher 
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Fig.  2.  Cross-sectional  SEM  images  of  polished  Crofer  22  APU  samples  after  570 
hour  exposure  to  synthesis  gas  with  (a,  d)  1  ppm  PH3,  (b)  1  ppm  AsH3,  and  (c)  1  ppm 
Sb  at  700 °C.  Samples  a,  b  and  c  were  not  coated  and  sample  d  was  coated  with 
(Mn,Co)304. 

amounts  of  Fe,  Mn  and  P,  while  the  oxygen  content  was  lower  com¬ 
pared  to  the  phases  in  700  and  800  °C  samples.  The  800  °C  sample 
exposed  to  phosphorus  produced  distinctive  surface  crystals  rich 
in  iron  (up  to  30at%),  not  observed  on  the  surface  of  the  800  °C 
sample  tested  in  clean  synthesis  gas.  The  700  °C  sample  tested  in 
phosphorus  had  no  such  crystals,  as  well.  Larger  quantity  of  such 
crystals,  even  larger  in  size,  was  found  on  the  surface  of  the  850  °C 
sample. 

Additionally,  a  Crofer  22  APU  sample  coated  with  the 
(Mn,Co)304  spinel  was  exposed  to  phosphorus.  The  presence 
of  (Mn,Co)304  promoted  the  interactions  with  phosphorus,  and 
the  three  different  layers  became  distinguishable  (Fig.  3d).  The 
(Mn,Co)304  layer  reacted  with  phosphorus  to  form  a  top  porous 
Mn-P-0  compound  (dark  gray),  an  intermetallic  Co-P  phase  (light 
gray),  while  the  dense  Cr203  sub-layer  (grey)  underneath  and  the 
bulk  alloy  contained  no  phosphorus.  Comparing  Fig.  3a  and  d,  both 
containing  dense  Cr203  sub-layers,  it  is  seen  that  chromia  serves  as 
an  effective  barrier  protecting  the  bulk  Cr-Fe  alloy  from  any  inter¬ 
actions  with  phosphorus,  and  both  (Mn,Cr)304  and  (Mn,Co)304 
readily  reacted  with  P,  although  in  a  different  manner. 

3.2.  SS  441  with  P  and  As 

Surface  scale  compositions  and  morphologies  obtained  on  SS 
441  after  exposure  at  800  °C  to  syngas  gas  and  syngas  gas  contain- 
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Fig.  3.  SEM  micrographs  of  Crofer  22  APU  surface  after  exposure  for  360  h  to  syn¬ 
thesis  gas  with  2  ppm  PH3  and  1  ppm  AsH3  at  (a)  800  °C  and  (b)  850  °C. 


ing  either  phosphorus  or  both  phosphorus  and  arsenic  were  largely 
similar  to  those  obtained  on  Crofer  22  APU  (Fig.  4).  The  surface 
scale  layer  contained  both  a  sub-layer  of  chromia  and  top  layer 
of  (Mn,Cr)304  spinel  with  trace  amounts  of  Ti,  Si,  and  Fe.  This  is 
consistent  with  the  scale  composition  identified  to  form  on  other 


Fig.  4.  Cross-sectional  SEM  images  of  polished  SS  441  and  Crofer  22  APU  samples 
after  exposure  to  synthesis  gas  with  2  ppm  PH3  and  1  ppm  AsH3  at  800  °C  for  120  h. 
The  chromia  sub-layer  has  no  manganese  and  phosphorus. 


toSOFC 


Fig.  5.  (a)  Cross-sectional  picture  of  two  pieces  of  the  Inconel  600  gas  supply  tube 
after  two  successive  650  h  tests  in  synthesis  gas  initially  with  2  ppm  PH3  and  then 
with  1  ppm  AsH3  at  around  800  °C.  The  schematic  illustrates  the  way  that  the  Inconel 
600  tube  was  cut.  (b)  SEM  micrograph  of  the  post  test  Inconel  600  surface.  The  dark 
area  is  mostly  chromia,  also  with  Mn-P-O.  Large  bright  crystals  are  a  mixture  of 
Ni-P,  Ni-As,  Fe-P,  and  Fe-As,  where  the  grain  boundaries  are  rich  in  iron.  Small 
round  crystallites  on  the  surface  of  oxide  scales  have  the  same  composition  as  the 
large  crystals. 


similar  ferritic  steels,  e.g.,  SS  430,  in  both  air  and  fuel  [11].  SS  441 
also  formed  a  continuous  Si-rich  layer  near  the  scale/metal  inter¬ 
face,  possibly  Si02,  as  seen  in  Fig.  4.  Such  a  layer  was  not  observed 
on  Crofer  22  APU,  but  was  found  on  SS  430  [11]  and  ZMG232 
Fe-Cr  alloys  [13]  after  exposure  to  fuel  gas.  The  top  spinel  layer 
on  SS  441  appeared  to  be  more  uniform  and  continuous  in  com¬ 
parison  with  that  formed  on  Crofer  22  APU.  As  with  Crofer  22  APU, 
the  top  spinel  layer  readily  reacted  with  phosphorus  to  form  the 
surface  Cr-Mn-P-0  compounds,  likely  manganese  phosphate.  The 
chromia  sub-layer  contained  no  phosphorus.  No  arsenic-containing 
compounds  were  detected  in  either  chromia  or  spinel  layers.  To 
summarize  the  findings  for  both  ferritic  steels,  the  presence  of  chro¬ 
mia  and  Cr,Mn  spinel  scales  appears  to  be  effective  in  suppressing 
the  Fe-P,  Fe-As  and  Fe-Sb  interactions  and  protects  the  bulk  Fe-Cr 
alloy  from  corrosion. 

3.3.  Inconel  600  with  P  and  As 

A  nickel-chromium  superalloy,  Inconel  600,  was  tested  in  the 
presence  of  phosphorus  and  arsenic  in  the  form  of  gas  supply  tubes 
as  parts  of  an  actual  SOFC  test  fixture.  About  5  cm  of  the  tube  was 
cut  off  near  the  heat  exchanger  and  split  to  reveal  the  inner  part 
of  the  tube,  as  illustrated  in  Fig.  5.  The  SOFC  stack  was  operated  at 
800  °C,  while  the  tube  temperature  was  maintained  above  700  °C. 
The  analyzed  parts  were  exposed  to  syngas  gas  with  2  ppm  PH3 
for  650  h,  and  subsequently  to  syngas  with  1  ppm  AsFI3  for  650  h. 
Initial  heatup  was  performed  in  air,  while  the  final  cooldown  was 
done  in  dry  hydrogen  with  no  impurities  added. 

As  seen  in  Fig.  5,  the  inner  part  of  the  Inconel  600  tube  under¬ 
went  significant  changes.  Large  metallic  crystals  formed  a  nearly 
dense  metallic-like  film  on  the  surface,  and  the  surface  appeared 
equally  altered  over  the  whole  length  of  the  analyzed  sample.  A  typ¬ 
ical  micrograph  of  the  surface  is  given  in  Fig.  5b.  Single  point  EDS 
analyses  were  performed  every  4  mm  from  the  tube  end  to  assess 
the  phase  distribution.  The  dark  gray  surface  in  the  upper  right 
corner  of  Fig.  5b  was  identified  as  the  oxide  scale  layer,  mostly  con¬ 
taining  chromia,  but  also  manganese  (likely  as  MnCr204),  iron  (as 
FeO  or  FeCr204)  and  nickel  (as  NiO  or  NiCr204)  and  trace  amounts 
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of  Si  and  Ti.  Large  bright  crystals  in  the  center  were  attributed  to  the 
mixture  of  intermetallic  Ni-P  and  Ni-As  phases,  likely  Ni3P,  Ni5P2, 
Ni12P5,  and  NisAs2,  all  of  which  were  also  found  on  the  surface 
of  the  Ni/YSZ  anode  support  inside  the  stack.  The  nickel  content 
in  this  intermetallic  mixture  was  constant  over  the  entire  sample 
length.  The  crystals  also  contained  iron,  most  likely  in  the  form  of 
Fe-P  and  Fe-As,  and  the  iron-containing  phases  segregated  at  the 
grain  boundaries  inside  the  Ni-P  and  Ni-As  mixture  (seen  in  the 
lower  left  corner  in  Fig.  5b).  The  oxygen  peak  was  clearly  present 
in  the  EDS  spectra,  possibly  due  to  the  presence  of  NiO  and/or  FeO. 
No  Cr  was  detected  in  this  mixture.  Because  the  sample  was  not 
polished,  the  obtained  EDS  data  could  not  be  used  reliably  to  sug¬ 
gest  the  exact  composition.  The  arsenic-to-phosphorus  ratio  varied 
slightly  over  the  length  of  the  sample.  An  arsenic-rich  phase  with  a 
As/P  =  1.27  was  determined  at  the  end  of  the  tube  nearest  the  fuel 
gas  inlet.  The  As/P  decreased  in  the  direction  approaching  the  SOFC 
stack  and  a  phosphorus-rich  phase  with  a  As/P  =  0.9  was  identi¬ 
fied  at  the  opposite  end  of  the  tube  near  the  SOFC  enclosure.  These 
results  suggest  that  both  phosphorus  and  arsenic  strongly  interact 
with  Inconel  600.  A  decreasing  As/P  ratio  (in  the  direction  oppo¬ 
site  to  the  fuel  inlet)  indicates  that  nickel-arsenic  interactions  are 
stronger  than  nickel-phosphorus.  Small  round-looking  inclusions 
on  the  top  of  the  chromium  oxide  layer  were  also  attributed  to  the 
mixture  of  Ni-As,  Ni-P,  Fe-P,  and  Fe-As. 

Chromia-formed  nickel  alloys  are  known  to  demonstrate  a 
lower  scale  growth  rate  (i.e.,  higher  oxidation  resistance)  than  fer¬ 
ritic  stainless  steels,  particularly  in  reducing  environments,  and  to 
develop  scales  with  lower  spinel  content  than  Fe-base  alloys  [7,14]. 
Even  in  relatively  high  water  vapor  pressures,  Horita  et  al.  observed 
much  slower  scale  growth  rate  on  a  Ni-Cr  alloy  601  in  compari¬ 
son  to  Fe-Cr  alloy  232  [14].  For  Inconel  600,  in  particular,  because 
of  the  lower  Cr  content  (14-17  at%)  compared  to  Crofer  22  APU 
(20-24  at%)  and  SS  441  (18-20  at%),  a  much  thinner  chromia  scale 
layer  is  anticipated  to  develop.  The  Cr203  and  (Mn,Cr)304  spinel 
scale  in  Ni-Cr  base  alloys  is  likely  to  include  top  layer  rich  in  NiO  or 
NiCr204  [3,10,11,15].  Because  of  the  high  Mn  content  (1  at%),  oxide 
scale  spallation  could  be  also  easily  expected,  as  observed  by  Hol¬ 
comb  and  Alman  [6],  and  if  so,  this  would  lead  to  the  bulk  alloy 
being  exposed  to  the  environment.  Yang  et  al.  [1 1  ]  observed  poros¬ 
ity  along  the  scale/metal  interface  on  Flaynes  230  (Ni-Cr  alloy). 
Based  on  literature  data,  the  formation  of  a  continuous  oxide  scale 
layer  (Ni  and  Fe  free)  on  the  surface  of  Inconel  600  in  syngas  could 
hardly  be  expected.  As  such,  both  As  and  P  should  be  able  to  access 
the  bulk  alloy  and  react  to  form  secondary  phases,  as  was  observed 
experimentally. 

3.4.  Alumel  wire  with  P,  As  and  Sb 

Alumel  wires  exposed  to  synthesis  gas  at  700-850  °C  formed  a 
passivation  layer  rich  in  Ni,  Al,  Mn  and  Si,  likely  in  the  form  of  oxides. 
As  determined  by  point  EDS  analysis  and  X-ray  mapping,  most  of 
the  manganese  segregated  to  the  surface  of  the  wire  due  to  higher 
Mn  diffusivity,  while  Al  and  Si  oxides  were  present  in  the  sub-layer. 
Nickel  (likely  NiO)  was  found  everywhere  in  the  passivation  layer 
with  an  exception  of  a  thin  Mn-rich  top  layer  that  could  be  either 
Mn  oxide  or  the  Mn2  A104compound,  as  suggested  by  Kriukiene  and 
Tamulevicus  [16].  Unlike  chromium-containing  alloys  developing 
protective  chromia  scales,  no  alumina  scale  layer  was  developed  on 
alumel  in  syngas.  This  could  be  due  to  the  high  steam  vapor,  which 
is  known  to  inhibit  the  alumina  scale  formation  [3]. 

Subsequent  exposure  to  syngas  with  1  ppm  PH3, 1  ppm  AsFI3,  or 
1  ppm  Sb  led  to  severe  surface  and  bulk  transformations  produc¬ 
ing  extensive  Ni-P,  Ni-As  or  Ni-Sb,  respectively,  secondary  phases 
(Figs.  6  and  7).  When  both  P  and  As  were  present  in  syngas  simul¬ 
taneously,  a  mixture  of  nickel  phosphides  and  nickel  arsenides 
was  formed  (Fig.  6).  The  intermetallic  NiP*  and  NiAsy  were  found 


Fig.  6.  SEM  images  of  the  alumel  wire  (top  is  surface,  bottom  is  polished  cross  sec¬ 
tion)  after  exposure  to  synthesis  gas  with  2  ppm  PH3  and  1  ppm  AsH3  at  800  °C  for 
360  h.  The  insert  in  the  bottom  image  shows  an  expanded  oxide  layer  region. 


exclusively  on  the  outer  surface,  often  agglomerated  into  large  crys- 
tillites,  leaving  behind  a  non-conductive  porous  oxide  layer  fully 
stripped  of  nickel.  The  Mn-P-0  compounds  were  also  identified  by 
SEM/EDS  and  were  found  mostly  as  an  intermediate  layer  between 


Fig.  7.  SEM  image  of  the  alumel  wire  after  800  h  test  at  700  °C  in  synthesis  gas  with 
1  ppm  Sb. 
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Fig.  8.  Predicted  activities  of  gas-phase  phosphorus-containing  species  in  synthe¬ 
sis  gas  with  10  ppm  PH3  (corresponding  to  the  upper  10-5  limit  on  the  y-axis) 
needed  to  form  stable  (a)  FeP04  and  Fe3P,  (b)  Mn3(P04)2,  and  (c)  Mn3(P04)2  and 
Co2P  in:  (1)  stoichiometric  FeCr204,  (2)  FeCr204  with  excess  Cr203,  (3)  FeCr204 
with  excess  FeO;  (4)  stoichiometric  (Mn,Cr)304  spinel,  (5)  (Mn,Cr)304  with  excess 
Cr203,  (6)  (Mn,Cr)304  with  excess  MnO;  and  (7)  stoichiometric  (Co,Mn)304  spinel, 
(8)  (Co,Mn)304  with  excess  CoO,  and  (9)  (Co,Mn)304  with  excess  MnO. 
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Fig.  9.  Predicted  activities  of  gas-phase  arsenic-containing  species  in  synthesis  gas 
needed  to  form  solid  FeAs  and  solid  CoAs  in  the  (1)  stoichiometric  FeCr204  spinel; 
(2)  FeCr204  with  excess  Cr203;  (3)  FeCr204  with  excess  FeO;  (4)  stoichiometric 
(Mn,Co)304  spinel;  (5)  (Mn,Co)304  with  excess  MnO;  (6)  (Mn,Co)304  with  excess 
CoO.  Only  FeCr204  spinel  with  FeO  produces  FeAs  and  only  (Mn,Co)304  spinel  with 
CoO  produces  CoAs.  Both  are  not  stable  below  the  corresponding  lines. 


the  NixP-NiyAs  crystals  and  Al-Si  oxide  layer  surrounding  the  core 
(Fig.  6).  No  Al  and  Si  compounds  with  P,  As,  and  Sb  or  Mn  com¬ 
pounds  with  As  and  Sb  were  found.  Thus,  unlike  dense  chromia 
scale  layer  developed  on  Fe-Cr  base  alloys,  the  passivation  layer 
on  alumel  is  not  effective  in  protecting  the  alloy  from  the  interac¬ 
tions  with  P,  Sb  and  As  in  synthesis  gas.  This  could  also  be  due  to 
the  lower  than  critical  levels  of  Al  in  alumel  required  to  form  the 
protective  scale  at  high  temperatures  [3]. 

3.5.  Comparison  of  phases  observed  experimentally  and  predicted 
from  thermodynamic  calculations 

Equilibrium  calculations  were  performed  to  compare  the  phases 
observed  experimentally  in  the  passivation  layers  of  Fe-Cr  base 
and  Ni-Cr  base  alloys  and  alumel  with  those  expected  from  ther¬ 
modynamic  properties.  Experimentally  observed  reaction  products 
are  summarized  in  Table  1,  as  are  phases  and  mixtures  of  phases 
considered  in  the  calculations.  Figs.  8-10  provide  predictions  of 
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Fig.  10.  Predicted  activities  of  gas-phase  antimony-containing  species  in  synthesis 
gas  needed  to  form  solid  Co-Sb  in  the  (1)  stoichiometric  (Mn,Co)304  spinel;  (2) 
(Mn,Co)304  spinel  with  excess  MnO;  (3)  (Mn,Co)304  spinel  with  excess  CoO.  Only 
(Mn,Co)304  with  CoO  produces  Co-Sb  at  low  temperatures.  Neither  of  the  FeCr204 
spinels,  stoichiometric  or  with  excess  FeO  or  chromia,  showed  any  reaction  with  Sb. 
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Table  1 

Experimentally  observed  reaction  products  and  phases  considered  and  predicted  from  thermochemical  calculations  (shown  in  italic)  in  Fe-Cr  base  and  Ni-Cr  base  alloy 
passivation  layers  before  and  after  interactions  with  phosphorus,  arsenic,  and  antimony  in  synthesis  gas  at  700-800  °C. 


Alloy  /  calculations 

Passivation  layer  /phases  considered 

Phases  observed  experimentally  /phases  predicted 

ph3 

AsH3 

Sb 

(Mn,Cr)304 

Mn-P-0 

None 

None 

Crofer  22  APU  and  SS  441 

(Fe,Cr)304 

Fe-P 

Fe-As  (ss) 

Fe-Sb  (ss) 

0*2  03 

None 

None 

None 

Coating  to  Crofer  22  APU 

(Mn,Co)304 

Mn-P-0 

Co-P 

Not  tested 

Not  tested 

Ni-NiO 

Ni*P 

NiyAs 

Not  tested 

Inconel  600 

Fe-FeO 

0*2  03 

Fe*P 

None 

FeyAs 

None 

Not  tested 

Not  tested 

(Mn,Cr)304 

Mn-P-0 

None 

Not  tested 

Alumel 

Al203-Mn0x-Si02 

NiPx, 

Mn-P-0 

NiAsx 

NiSb* 

Ni or NiO 

Ni3P,  Ni5P2 

NisAs2,  Nii  1  As  8 

Ni5Sb2,  NiSb 

Fe  or  FeO 

Fe3P 

FeAs 

None 

Cr203 

None 

None 

None 

MnOx 

Mn3(P04)2 

None 

None 

MnCr204 

Mn3(P04)2 

None 

None 

MnCr204-Cr203 

Mn3(P04  )2 

None 

None 

MnCr204-Mn0x 

Mn3(P04)2 

None 

None 

Calculations 

FeCr204 

None 

None 

None 

FeCr204-Fe0 

Fe3P 

FeAs 

None 

FeCr204-Cr203 

none 

None 

None 

CoMn204 

Mn3(P04)2,  Co2P 

None 

None 

CoMn204-MnOx 

Mn3(P04  )2 

None 

None 

CoMn204-CoO 

Co2P 

CoAs 

CoSbo.98 

ai2o3 

None 

None 

None 

Si02 

None 

None 

None 

(ss)  is  solid  solution. 


activities  of  P,  As,  and  Sb  in  coal  gas  versus  temperature  over  various 
solid  phases  or  mixtures  of  solid  phases  considered.  In  agreement 
with  experimental  observations,  P  in  coal  gas  is  expected  to  be  the 
most  reactive  with  solid  phases  considered.  The  solids  Cr2 03 ,  Al2  03 , 
and  Si02  showed  no  tendency  to  form  alteration  phases  in  reactions 
with  P,  As,  or  Sb  in  coal  gas. 

Reactions  of  stoichiometric  FeCr204  spinel  and  spinel  with 
excess  Cr203  or  excess  FeO  (since  both  were  identified  by  XRD) 
with  coal  gas  containing  phosphorus  are  compared  as  a  function 
of  temperature  in  Fig.  8a.  Though  spinels  of  other  Fe/Cr  ratios  may 
be  present,  thermodynamic  data  for  other  phases  were  not  read¬ 
ily  available  and  were  not  considered.  Iron  phosphate  formation 
is  expected  below  ~520°C  for  all  cases  and  not  at  SOFC  operat¬ 
ing  temperatures,  whereas  formation  of  Fe3P  is  expected  at  higher 
temperature  where  excess  FeO  was  present  initially.  Excess  Cr203 
is  not  expected  to  alter  the  reactivity  of  the  mixture.  No  solid 
chromium  phosphate  or  chromium  phosphide  formation  was  pre¬ 
dicted  for  all  three  scenarios.  Reactions  of  stoichiometric  MnCr204 
spinel,  spinel  with  excess  Cr203,  and  spinel  with  excess  MnOx  ver¬ 
sus  temperature  are  similarly  compared  in  Fig.  8b.  Formation  of 
the  product  Mn3(P04)2  (no  data  for  other  manganese  phosphates 
are  available  in  HSC)  is  expected  in  all  cases,  though  spinel  with 
excess  MnOx  is  expected  to  be  most  reactive.  Comparing  the  exper¬ 
imentally  observed  and  predicted  phases,  it  is  possible  to  attribute 
Mn-P-0  phase  in  Fe-Cr  base  alloys  to  Mn3(P04)2  or  Mn2P207 
and  Fe-P  to  Fe3P.  The  fact  that  Fe3P  was  observed  experimen¬ 
tally  is  in  agreement  with  the  XRD  data  supporting  the  presence  of 
excess  iron  oxide  in  the  chromia  scale  layer.  Flaving  stoichiomet¬ 
ric  FeCr204  without  free  FeOx  would  not  result  in  the  formation  of 
Fe3P. 

While  stoichiometric  (Co,Mn)304  spinel  should  not  react  with 
phosphorus  under  the  SOFC  conditions,  Fig.  8c,  both  (Co,Mn)304 
with  excess  CoO  and  (Co,Mn)304  with  excess  MnO  are  predicted 
to  form  solid  reaction  products,  Co2P  in  the  former  case  and 


Mn3(P04)2  in  the  latter.  Because  both  Co2P  and  Mn3(P04)2  were 
observed  experimentally  after  the  test  at  700  °C,  one  can  conclude 
that  the  (Co,Mn)304  spinel  in  synthesis  gas  was  not  stoichiometric. 
The  electrical  properties  of  spinels  are  likely  to  be  affected  by  the 
reactions  with  phosphorus,  but  were  not  evaluated  in  this  study. 

In  the  presence  of  As  in  synthesis  gas,  no  new  solid  phases 
with  chromia,  manganese  oxide,  or  MnCr204,  such  as  chromium 
arsenate  or  manganese  arsenate,  are  expected  (Table  1 ).  The  for¬ 
mation  of  FeAs  is  expected  only  for  the  FeCr204  with  excess  FeO, 
but  not  for  the  stoichiometric  FeCr204  spinel  or  spinel  with  excess 
Cr203  (Fig.  9).  Also  consistent  with  the  experiment,  the  presence 
of  expected  concentrations  of  Sb  in  equilibrated  syngas  should  not 
lead  to  the  formation  of  Cr-Sb-O,  Mn-Sb-0  or  Fe2Sb  solid  phases 
(Fig.  10).  Instead,  the  surface  Fe-Sb  phase  was  attributed  to  the 
formation  of  the  solid  solution. 


4.  Conclusions 

Thermally  grown  oxide  layers  on  Fe-Cr  and  Ni-Cr  alloys  were 
analyzed  after  exposure  to  synthesis  gas  with  P,  As,  and  Sb  impu¬ 
rities  at  700-850  °C.  Chromia  scales  grown  on  ferritic  steels  were 
effective  in  suppressing  Fe-P,  Fe-As  and  Fe-Sb  interactions.  Oxide 
layers  grown  on  Inconel  600  and  alumel  were  ineffective  in  sup¬ 
pressing  Ni-P,  Ni-As  and  Ni-Sb  interactions  due  to  the  presence 
of  open  porosities  and  Ni  or  NiO  in  the  scales.  Both  chromium 
manganese  spinel  and  cobalt  manganese  spinel  reacted  with 
phosphorus  to  produce  manganese  phosphate  and  Cr203  and  man¬ 
ganese  phosphate  and  Co2P  compounds,  respectively.  Both  are 
likely  to  mitigate  phosphorus  reactivity  in  the  SOFC  by  decreasing 
the  total  amount  of  phosphorus  delivered  to  the  anode.  Non- 
chromia  forming  scales,  including  alumina,  silica  and  manganese 
oxides,  do  not  form  a  protective  scale  layer  and  are  not  effective  in 
protecting  the  alloys  from  P,  As,  and  Sb. 
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